ecent advances in multidetector computed tomography (MDCT) enable non-invasive assessment of coronary heart disease (CHD). [1] [2] [3] Plaques and lesions with an eccentric lipid core and positive remodeling can now be visualized by multiplanar reconstructions (MPRs) along multiple longitudinal axes and maximum intensity projections (MIPs) of the MDCT data. MDCT has reached a spatial and temporal resolution that is high enough to visualize not only coronary arteries but also infarcted and non-infarcted myocardium and valvular dysfunction. [4] [5] [6] Nevertheless, coronary arteries with severely calcified plaques can still be difficult to evaluate by 64-MDCT angiography 7 because blooming artifacts and beam hardening effects can lead to misinterpretation of the luminal area.
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The analysis of the myocardial enhancement data of MDCT is a method of diagnosing myocardial infarction and angina pectoris, because it enables assessment of the location and size of the impaired area of myocardium. 6, [8] [9] [10] The patient is scanned twice, first after injection of iodinated contrast agent and then again after a certain delay. The early images show the infarcted myocardial area as a hypoenhanced region, which reflects the extent of microvascular obstruction. The late images show the infarcted myocardial area as a hyper-enhanced region, which reveals the size of the myocardial infarct. 11 To date, few previous studies have reported an assessment of myocardial enhancement by first-pass 64-MDCT of patients with significant coronary stenosis. The purpose of this study was, therefore, to analyze first-pass myocardial enhancement by 64-MDCT, evaluate its use for detecting significant stenosis and compare the results with quantitative coronary angiography (QCA). Myocardial contrast enhancement is quantified by deriving the signal density from the Hounsfield units (HU) values of the computed tomography (CT) images. The myocardial signal density is proposed as an additional index for the diagnosis of CHD.
Methods

Patients
In the present study, 974 consecutive patients who underwent 64-MDCT between November 2005 and December 2006 were identified at Ekisaikai Hospital. Exclusion criteria for 64-MDCT scanning were a contraindication for administration of iodinated contrast, impaired renal function (serum creatinine >1.3 mg/dl) and bronchial asthma. Bisoprolol 5 mg was administered 1 h before the CT scan. (Patients with contraindications for β-blockers or whose heart rate could not be lowered were scanned without prior bisoprolol administration.) All patients received 25 mg sublingual nitroglycerin 3 min before the CT scan. To clarify impaired myocardial enhancement, patients with 1-vessel disease of the proximal coronary segments and without arrhythmia, previous coronary intervention, previous myocardial infarction, reduced left ventricle (LV) contraction (ejection fraction <50% analyzed by 64-MDCT), or cardiac or respiratory motion artifacts were enrolled. In total 70 patients with coronary atherosclerotic lesions detected by 64-MDCT were admitted for hospital for catheter-based coronary angiography (CAG), and we used their data for further investigations. The proximal coronary segments were defined as including the left main artery, left anterior descending artery (LAD: #5, #6, #7), left circumflex artery (LCX: #11, #12, #13) and right coronary artery (RCA: #1, #2, #3). 12 An institutional review board approved the study and all participants provided written informed consent.
Scan Protocol
The 64-MDCT data were acquired with a SOMATOM Sensation 64 cardiac CT scanner (Siemens Medical Solutions, Erlangen, Germany). A 65-ml bolus of contrast agent (Omnipaque 350, Daiichi Sankyo Co Ltd, Tokyo, Japan) was injected intravenously at a flow rate of 3.5-4.5 ml/s followed by 30 ml of saline at the same flow rate. An automated bolus tracking system was used to start the scan as soon as the signal in the ascending aorta reached a predefined threshold of 150 HU. The spiral scans were performed with the following parameters: collimation of 64× 0.6 mm with z-flying focal spot, a rotation time of 330 ms, a tube voltage of 120 kV, an effective tube-current rotation time product of 750-850 effective mAs and a table feed 11.6 mm/s. All 70 patients were scanned craniocaudally to minimize the directional effect on myocardial enhancement. The mean effective radiation dose was estimated as 13-20 mSv. Two independent experienced readers who were unaware of the patient's clinical condition analyzed the images.
Analysis of 64-MDCT Images
Image reconstruction was retrospectively gated to an ECG signal. To find the image series with minimum motion artifacts, 19 image series were reconstructed for heart phases of 0-90% of the RR interval in 5% increments. Additional images at 2% of the RR interval before and after the phase chosen from among the 19 image series were used for further narrowing the best heart phase. In the present study, all 70 were reconstructed in diastole at 68.4±2.8% of the average heart phase. All images were reconstructed with the following parameters: medium smooth convolution kernel B30f, image matrix of 512×512 pixels, slice thickness of 0.75 mm, increment of 0.3 mm, and a 1-segment reconstruction algorithm resulting in a temporal resolution of 165 ms. Images of lesions with calcified plaque were additionally reconstructed using a sharp kernel (B46f). All main coronary arteries and all side branches of more than 2 mm diameter were evaluated, irrespective of image quality. MIP images were used to find coronary lesions. MPRs in 2 orthogonal longitudinal axes across the coronary lumen were used to identify the significant stenotic lesions, defined as stenosis of more than 50% of the lumen diameter. In the present study, plaque lesions were categorized in 3 groups: (1) non-calcified, (2) adjacent-calcified; high-density lesion without any artifacts in the coronary lumen, and (3) heavily-calcified, highdensity lesion causing beam hardening and/or partial volume artifacts decreasing lumen visualization. A calcified plaque lesion was defined on CT images as the presence of more than 2 contiguous pixels with greater than 130 HU.
Analysis of First-Pass Myocardial Enhancement Images
Three short-axis images were reconstructed of the basal, mid and apical LV at every 10% of the RR interval for heart phases of 0-90%. A slice thickness of 8 mm without overlap was chosen. The images were analyzed with a commercially available cardiac evaluation software program (syngo ARGUS, Siemens Medical Solutions) on an external workstation (syngo MultiModality Workplace, Siemens Medical Solutions). In this process, the LV ejection fraction was analyzed by the ARGUS software. After an evaluation of coronary stenosis (Fig 1) , early-and late-diastolic images at 60% and 90% of the RR interval, respectively, were analyzed anonymously in duplicate by 2 readers who were unaware of the results of 64-MDCT CAG (K.Y., K.S., with 10 and 19 years experience, respectively). All images were provided to the readers with the same window width of 280 HU and window center of 70 HU to emphasize the threshold between normal and impaired myocardial enhancement and to distinguish myocardium from the surrounding anatomy. Myocardial areas supplied by coronaries with significant stenosis were evaluated following the modified 16 LV segment statement of ASCN/AHA. 13 The signal density (S-D) in segments of the LV wall supplied by coronaries with and without stenosis was assessed (Fig 2) . In this study, the S-D of the LV cavity and remote myocardium was used as a reference for quantifying impaired myocardium. Regions of interest (ROI) were manually created for approximately one-third of the LV wall to avoid any artifacts from the LV cavity and epicardial anatomy, such as a contrast agent in vessel lumens, pericardium or any calcification. A ROI of approximately 50 mm 2 was drawn over each myocardial segments and LV cavity. The ROI in the LV cavity were chosen while avoiding constructions such as mitral valve leaflets and ventricular papillary muscle.
A standardized S-D (sS-D) was then calculated from the signal density of the myocardium and the signal density of the LV cavity according to the following formula:
The reduction in the percent signal density between the myocardium surrounding a stenotic lesion (sS-D stenosis) and non-impaired myocardium away from a stenotic lesion (sS-D no-stenosis) was then defined as:
Catheter-Based CAG
After the 64-MDCT examination, all patients underwent invasive catheter-based CAG (QCA-CMS, MEDIS, Leiden, the Netherlands) for evaluation of coronary stenosis. The QCA investigators (H.T., S.J., with 8 and 10 years experience, respectively) were unaware of the results of the 64-MDCT analyses. Stenosis was evaluated according to the mean diameter reduction of the coronary artery and determined from 2 projections. The percent diameter stenosis (%DS) was obtained by dividing the minimal diameter of the diseased segment by the diameter of an adjacent proximal disease-free section. The analysis of distal segments was on the basis of visual estimation by the same investigators. No stenotic distal segment was detected by catheterbased CAG. In patients with less than 50% in %DS, intracoronary infusion of acetylcholine (ACh) was done as a differential diagnosis of vasospastic angina (diameter reduction >75% associated with ischemic ECG change) as previously reported. Vasoactive drugs were withdrawn for at least 24 h before the examination. 14 
Statistical Analysis
Continuous values are expressed as mean ± SD. Categorical variables were compared using Fisher's exact test. The QCA results were used as standard reference for the analysis of 50% diameter stenosis found by 64-MDCT CAG. Paired t-tests or Mann-Whitney U tests used for parametric or non-parametric data were expressed as median (25 th , 75 th percentiles). Linear regression analysis was used to compare results obtained by QCA and 64-MDCT. For all data analysis, P<0.05 was considered significant. For the %S-D reduction, the sensitivity and specificity for determining significant coronary stenosis based on QCA were calculated for values under 0% in 2.5% decrements. Cut-off values were defined as those yielding the highest combined sensitivity and specificity in value. Inter-and intraobserver variabilities were assessed for myocardial signal density measurements in 60 lesions of 10 randomly selected patients. Interobserver variability was calculated as the standardized deviation of the difference between the measurements of 2 independent observers who were unaware of the patient's other examination results. Interobserver variability was then expressed as a percentage of the average value.
Results
Patient Characteristics
Of 974 consecutive patients undergoing 64-MDCT, 904 were excluded from the analysis because 641 had no atherosclerotic coronary lesions, 108 had multivessel atherosclerotic coronary lesions, 31 had arrhythmia during CT scan, 56 and 36 underwent previous coronary intervention and or had previous myocardial infarction, respectively, and 32 had poor image quality because of motion artifacts. Therefore, data obtained for 70 patients of average age 64±11 years, including 50 males, were analyzed. Table 1 summarizes the clinical data of the patient population and the 64-MDCT and QCA data. None of the patients developed complications nor did their clinical status decline after the procedures. In total, 48 patients had lesions (57 segments) in the LAD coronary arteries, 11 had lesions (14 segments) in the LCX coronary arteries and 11 patients had Settings of the region of interest in myocardium supplied by an atherosclerotic coronary artery and in remote myocardium and the left ventricle for assessment of signal density using planimetry (A1). Invasive coronary angiography shows significant stenosis of the proximal site of the left anterior descending artery (A2). Categorization of coronary plaque lesions. B1, non-calcified plaque; B2, adjacent-calcified plaque without any artifacts; B3, heavily-calcified plaque causing impaired visualization of lumen.
lesions (12 segments) in the RCA; 70 atherosclerotic lesions (83 segments) were detected by QCA: 24 lesions (27 segments) were categorized as an adjacent-calcified plaque and 8 as heavily-calcified plaque, and the other 48 segments were categorized as a non-calcified plaque. Fortysix patients (46 segments) had significant coronary stenosis of 75.2±12.8% (diameter) by QCA. The inter-and intraobserver variabilities had κ values of 0.79 and 0.83, respectively, for the detection of coronary stenosis and 6.5% and 4.4%, respectively, for the measurement of myocardial signal density.
Diagnostic Accuracy of 64-MDCT
The diagnostic accuracy of 64-MDCT for detecting significant coronary stenosis is detailed in Table 2 . The 64-MDCT documented the presence of significant stenosis in 43 and the absence of significant stenosis in 577 segments with an overall sensitivity and specificity of 93.5% and 98.8%, respectively. The degree of stenosis was overestimated in 7 segments that showed calcified plaques. In 620 of 630 segments (98.4%), the presence or absence of significant coronary stenosis could be determined accurately by 64-MDCT. Thirty-five segments (5.6%) had calcified plaques, with 21 of these having significant coronary stenosis on QCA analysis. The analysis by 64-MDCT of the lumen diameter had a poor diagnostic accuracy of only 77.1% in those 35 segments. Seven false-positive lesions were diagnosed in 1 adjacent-calcified and 6 heavily-calcified plaques.
Analysis of S-D of the Myocardium in Early and Late Diastole
Myocardial enhancement was evaluated after the analysis of coronary stenosis. The CT images of early and late diastole of all patients were of sufficient quality for evaluation.
During early to late diastole, the CT attenuation of impaired regions, remote regions and the LV cavity, and the sS-D value were not statistically different (Table 3) . However, the sS-D and the %S-D reduction of impaired regions were significantly lower than those in remote regions. A comparison of the sS-D values of the myocar- dium surrounding significant stenosis (impaired regions) and of myocardium without stenosis (remote regions) showed that the myocardium surrounding significant stenosis had statistically lower sS-D values. This enhancement reduction was quantified by calculating the reduction of the sS-D as a percentage (%S-D). It did not change in a statistically significant way during the early to late diastolic phase of the cardiac cycle ( Table 3) . The %S-D in parts of the myocardium supplied by a coronary artery with more than 50% stenosis as determined by QCA was significantly lower than the %S-D of myocardium supplied by a non-stenotic coronary vessel ( Table 4) . A similar trend was observed in myocardium supplied by a vessel with more than 75% stenosis by QCA (Table 4) . Overall, the %S-D reduction, but not the sS-D, of myocardium supplied by a coronary artery with atherosclerosis showed significant correlations with QCA analysis results ( Table 4) . For quantifying impaired myocardium surrounding a significant stenosis in proximal coronary segments, we found that the signal density of remote myocardium was superior to that of the LV cavity as a reference. In patients with less than 50% stenosis in %DS by QCA, coronary artery spasm was provoked in 1 or more epicardial coronary segment by the intracoronary infusion of ACh. Only 1 of 24 patients showed coronary spasm of more than 75% stenosis in the LAD artery, but did not show any impaired myocardial enhancement on 64-MDCT.
%S-D Reduction of the Myocardium Surrounding a Vessel With Calcified Plaque
The sensitivity and specificity curves for the diagnosis of significant coronary stenosis by sS-D and %S-D reduction analysis were analyzed and compared with the QCA results. The overall diagnostic accuracy of sS-D and %S-D reduction analysis was not superior to that of 64-MDCT. The best diagnostic performance of %S-D reduction analysis was obtained for the basal LV wall during late diastole, with a sensitivity, specificity and accuracy of 76.1%, 99.0%, 97.5%, respectively, for %S-D less than -7.5%. However, for coronary arteries with calcified plaque, analysis of the %S-D reduction improved the diagnostic performance ( Table 5) . The best cut-off values were an %S-D reduction of -7.5% in the basal LV wall in early and late diastole, of -10% and -7.5% in the mid LV wall in early and late diastole, and -5% in the apical LV wall in late diastole. The results of the evaluations of the %S-D reduction showed that the diagnostic performance of 64-MDCT CAG was improved for lesions with heavily calcified plaque and that 64-MDCT enabled differentiation of significant coronary stenosis (Fig 3) . Tables 1-3 .
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Discussion
The main findings of the present study are as follows. 1. Reduced myocardial enhancement in the myocardium supplied by a coronary artery with significant stenosis could be detected during diastole by 64-MDCT. 2. Reduced myocardial enhancement continued from early to late diastole. 3. The analysis of the %S-D reduction improved the diagnostic performance of 64-MDCT for stenosis of coronaries with calcified plaques. The present study is a clinically essential investigation of first-pass myocardial enhancement by 64-MDCT. Because the same image data that were used for 64-MDCT CAG were also used for the first-pass myocardial enhancement analysis, the patient was neither subjected to additional radiation exposure nor additional administration of contrast agent. A reduced myocardial signal density during diastole showed that this part of the myocardium was impaired because of an atherosclerotic lesion of an epicardial coronary artery. Analysis of myocardial enhancement gives additional information on the degree of stenosis, particularly in patients with calcified lesions.
Previous Analysis of Myocardial Enhancement
Two-phase contrast MDCT has been used to assess patients with myocardial infarction. The decrease in myocardial blood flow (MBF) is evaluated on early enhancement images and the size of the infarction is evaluated on the late enhancement images. 9 Similarly, in first-pass enhancement magnetic resonance (MR) images, myocardium with reduced blood flow is observed as an area of attenuated signal density. 15 The analysis of myocardial enhancement therefore allows not only an assessment of the size of the infarcted myocardium but also a prediction of ventricular functional recovery.
Several reports show that MDCT enables non-invasive assessment of patients with angina pectoris by assessing the degree of stenosis, plaque burden, plaque composition and coronary remodeling. 2, [16] [17] [18] However, previous scan protocols for myocardial enhancement by MDCT required approximately twice as much radiation exposure and contrast agent compared with the first-pass MDCT protocol that is currently accepted worldwide. [8] [9] [10] [11] Nagao et al 19 recently characterized ischemic myocardium on rest firstpass contrast-enhanced 64-MDCT. Subendocardium with systolic hypoperfusion and diastolic normoperfusion at rest condition was validated by pharmacological stress 201 Tl myocardial perfusion scintigraphy and the diagnostic performance had high sensitivity (90.0%) and low specificity (62.0%) because of systolic motion artifacts or myocardial regional variation in the cardiac cycle. In the present study, we analyzed myocardial enhancement during diastole because it is less subject to motion artifacts. The result of the overall diagnostic performance was low sensitivity (76.1%) and high specificity (99.0%). For coronary vessel calcifications, analysis of myocardial enhancement during diastole might have sufficient diagnostic accuracy (91.4% in basal myocardium) for clinical applications.
Relationship Between Myocardial Enhancement and Coronary Stenosis
Impaired MBF and clinically unrecognized myocardial injuries could lead to reduced enhancement on 64-MDCT images of the myocardium. First, the intra-myocardial coronary capillaries make up more than 90% of the microcirculation of the myocardium and the cross-connections serve to homogenize the myocardial pressure and flow distribution. 20, 21 In myocardium supplied by healthy coronary arteries, increased capillary outlet pressure produces pressure dispersion and local flow reversal 22 during systole, whereas during diastole, the rapidly decreasing capillary outlet pressure promotes the washout of contrast agent. In contrast, stenotic epicardial coronary stenosis fails to supply optimal coronary blood flow 23, 24 to the intra-myocardial coronary capillary inlets and as a result, enhancement of CT images of the myocardium appears to be reduced. Impaired MBF resulting from more than 75% stenosis has already been visualized by myocardial contrast echocardiography with power Doppler imaging. 25 However, unrecognized myocardial injuries are also a possible cause for reduced myocardial enhancement, as has been shown by other studies in which myocardial injuries in patients with a clinical suspicion of CHD, but without known myocardial infarction, were detected by cardiac MR imaging. 26 We have shown that myocardial enhancement might be represented in the resting condition by the combination of reduced MBF and unrecognized myocardial injuries. The advantage of 64-MDCT imaging is that epicardial coronary stenosis can be analyzed concomitantly with an assessment of myocardial enhancement.
Coronary Calcification Assessed by 64-MDCT
The presence of calcified plaque hampers the evaluation of the degree of coronary stenosis by MDCT angiography, and severe coronary calcifications induce silent myocardial ischemia and unrecognized myocardial injuries. 27 Agatston calcium scoring improves the sensitivity of detecting calcified coronary stenosis. 28, 29 A previous meta-analysis showed that the sensitivity and specificity for diagnosing coronary stenosis were 90.5% and 49.2%, respectively. 30 However, the definition of coronary stenosis and calcium score varies across studies and no cutoff value for the calcium score has been reached by consensus. In the present study, we showed that taking the %S-D reduction at the basal LV wall in late diastole into account improved the diagnostic performance of detecting calcified coronary stenosis compared with a diagnosis by 64-MDCT CAG only. The diagnostic accuracy (91.4%) became acceptable for clinical use. It is important to note that an analysis of the degree of coronary stenosis and risk areas of the myocardium can be performed without additional radiation exposure or contrast injections.
Clinical Implications
We believe that our study results demonstrate that assessment of myocardial enhancement by 64-MDCT has potential advantages compared with other modalities such as scintigraphy, MR imaging and echocardiography. The high spatial and temporal resolution of 64-MDCT makes it possible to measure not only the degree of epicardial coronary stenosis, but also the extent of impaired myocardium during 1 breath hold. The introduction of myocardial assessment by first-pass scan protocols into clinical practice is easy without additional stress and cost, because of post-hoc analysis. The detection of significant coronary stenosis (>50% stenosis in diameter) with or without reduced myocardial perfusion can be a valuable assessment for a clinical decision making. Impaired myocardial enhancement by 64-MDCT may help the choice of treatment plan for patients with coronary calcification in particular.
Study Limitations
First, the number of patients was small and a randomized multicenter study with a large patient population is required to validate our results. Second, the degree of myocardial injury was not confirmed with other methods, such as MR imaging or cardiac radionuclide imaging. Therefore, the differential diagnosis between myocardial ischemia and infarction is difficult in the present study. Third, the analysis of myocardial enhancement without the apical cap was performed only during diastole and in proximal coronary artery segments to clarify the coronary artery territories, because of the difficulty of MDCT image acquisition without motion artifacts for other heart phases during systole, and the tremendous variability in the coronary artery blood supply to myocardial segments. 13 Fourth, coronary calcifications were not quantified, such as by Agatston calcium scoring. The quantification of both coronary calcification and impaired myocardial enhancement needs to be determined in future studies. Fifth, the time-lag of image acquisition affected myocardial enhancement without 1-beat image acquisition. In the present study, the time-lag probably had a minimum effect on CT analysis, because there were no statistical differences in the signal densities that were analyzed between early and late diastole or between the basal, mid and apical myocardium. Finally, we examined patients under resting conditions and did not do a physiological assessment under stress (exercise or pharmacological) to estimate stenosis. However, the results of the %DS analysis were compared with the degree of stenosis obtained from QCA analysis. Several reports about fractional flow rates derived from Doppler guidewire imaging show that stenosis on QCA >60% as %DS indicates a physiological stenosis. 31, 32 This QCA parameter in this study was consistent with those of previous studies.
Conclusions
Analysis of myocardial enhancement during diastole can be performed by first-pass 64-MDCT scanning in patients with significant coronary stenosis. Reduced myocardial enhancement of the basal to apical LV wall in diastole provides improved diagnostic information about significant coronary stenosis, particularly in the presence of calcified plaque. Additional indices for the degree of coronary stenosis have been provided.
